In order to explain the worldwide latitudinal distribution and seasonal¯uctuations in In(2L)t frequencies in Drosophila melanogaster, ®tness dierences among In(2L)t and Standard (ST ) homoand heterokaryotypes under high-temperature conditions were determined. Viabilities were measured for high-temperature treatment started at dierent juvenile stages. The capacity to restore fertility after high-temperature treatment was measured for adults and juveniles. Furthermore, genetic adaptation for increased temperature resistance for these traits was determined for strains which were reared at 33°C for 10 generations. Whereas larva±pupa survival rates were high, highest juvenile mortalities and strongest karyotypic eects were observed during the pupal stage when preceding larval stages were reared at 33°C. ST karyotypes showed lowest viabilities. Although mating rate was hardly in¯uenced, sterility was induced for females and males after high-temperature treatment of adults as well as juveniles. Subsequent transfer to 25°C, however, resulted in restored fertility in some of the individuals, depending on the length of the recovery period. Fertility restoration was signi®cantly higher for heterokaryotype males and females. Heterokaryotype superiority for restored fertility as well as for viability was positively correlated with severity of the treatment. Ten generations of selection at 33°C resulted in signi®cant improvement of juvenile survival and fertility restoration for all karyotypes. These ®tness components were positively correlated (r 0.91; P < 0.001), which might suggest pleiotropic eects. It is concluded that the capacity to restore fertility after heat stress is an important ®tness component, especially with respect to the In(2L)t polymorphism. The observed heterokaryotypic superiority ®ts with the idea that the latitudinal distribution of In(2L)t frequencies is maintained by balancing selection, with equilibrium values decreasing with latitude.
Introduction
Natural habitats of the cosmopolitan species Drosophila melanogaster are highly variable with respect to environmental temperature. Extreme temperatures will have direct eects upon behaviour and physiological processes (Prosser, 1986) , and will in¯uence ®tness components and ®tness-related characters like egg production, viability, development time, body weight and longevity (David, 1988; Van Delden & Kamping, 1989 Van ¢t Land, 1997) . Higher environmental temperature is generally accompanied by increased metabolism, faster development, lower body weight and shorter life span. In addition to phenotypic responses related to temperature, genetic adaptation with respect to these traits has been observed at particular temperatures in the laboratory (Huey et al., 1991; Partridge et al., 1994) . Dierences in the ability to respond to high temperature may depend on the overall level of genetic variation (e.g. Dahlgaard & Loeschcke, 1997) , on genes involved in stress response (e.g. McColl et al., 1996) and on speci®c genes dealing with heat sensitivity (Morrison & Milkman, 1978; Oudman, 1991) .
Exposure to high temperature will decrease reproductive activity and will induce complete or partial sterility of both females and males (Cohet & David, 1978; Krebs & Loeschcke, 1994) depending on genetic constitution (e.g. level of inbreeding), temperature and exposure time. Because transcription of many genes is developmentally regulated, particular sensitive periods may occur, and eects of temperature treatment may dier among life stages. When high-temperature damage is restricted, transfer to normal temperatures may result in restoration of fertility (Cohet & David, 1978; Van Delden & Kamping, 1991; Krebs & Loeschcke, 1994) , possibly initiated by repair mechanisms and recovery of protein and hormone synthesis. Besides environmental in¯u-ences on fertility of both females and males, fertility is controlled by many genes located all over the genome (Lindsley & Zimm, 1992 ), e.g. genes involved in functions for normal oogenesis and spermatogenesis and genes involved in the speciation process.
The inversion In(2L)t polymorphism in D. melanogaster provides a well documented example of the action of natural selection in relation to environmental temperature. This is illustrated by latitudinal clines in In(2L)t frequencies on all continents and in both hemispheres (references in Van Delden & Kamping, 1989 and Van ¢t Land, 1997 and by seasonal uctuations in In(2L)t frequencies, with In(2L)t frequencies positively correlated with environmental temperature (Sanchez-Refusta et al., 1990; Kamping & Van Delden, 1999) . Laboratory experiments showed a higher survival of karyotypes possessing In(2L)t, in relation to high temperature (Van Delden & Kamping, 1989 Van ¢t Land, 1997) . The presumed speci®c and conserved allelic content of In(2L)t arrangements probably provides a higher ®tness to its carriers.
An important aspect of temperature resistance is the ability to maintain or to restore fertility after heat stress, which greatly aects the survival of heat stressed populations. Dierences in the degree and speed of restoration of fertility among karyotypes will have considerable in¯uence on relative ®tnesses and the genetic constitution in succeeding generations.
In the present paper we examine to what extent restoration of fertility diers among In(2L)t and ST homo-and heterokaryotypes after high-temperature treatments that induce complete sterility. The eects of exposure to high temperature on fertility are studied after treatments of juveniles and adults, and juvenile survival rates are measured after high-temperature treatment during dierent developmental stages. Furthermore, genetic adaptations with respect to eects on fertility after heat stress are studied by rearing D. melanogaster strains at 33°C for 10 generations. The results obtained will be discussed in the context of other temperaturerelated traits among In(2L)t and ST karyotypes and the latitudinal distribution of In(2L)t frequencies.
Materials and methods

Strains and culture conditions
Two strains which originated from a tropical greenhouse population (details in Van Delden & Kamping, 1989) were used to measure restoration of fertility among In(2L)t and ST homo-and heterokaryotypes. Each of the homokaryotype strains was constructed by intercrossing six lines of the appropriate karyotype, which were extracted as described by Van Delden & Kamping (1989) . Heterokaryotypes were obtained by crossing the homokaryotype strains. Unless otherwise stated, strains were kept in bottles (125 mL volume with 30 mL food) at 25°C and 50±70% relative humidity under uncrowded conditions. In order to study long-term eects of hightemperature stress, strains were also kept at 33°C for 10 generations. Each generation all emerged¯ies were ®rst placed at 25°C for a week to recover and then the next generation was started at 33°C. Regular medium consisted of 18 g agar, 54 g sucrose, 32 g dead yeast and 13 mL Nipagin solution (10 g Nipagin per 100 mL ethanol 96%) per 1000 mL water.
Exposure to high temperature
For measuring juvenile survival rates, ®ve replicate vials per karyotype and developmental stage were exposed to 33°C. For 0±1-h-old larvae, 50 individuals per vial, and for treatments started or ended at other developmental stages (indicated in Table 1 ), 20 individuals per vial were used. Both larva to pupa and pupa to adult survival rates were measured.
The preadult and adult stages were exposed to a hightemperature (33°C) regime to measure eects on fertility. A pilot experiment had shown that the applied treatments led to complete sterility. Preadult treatment included complete juvenile development at 33°C for both strains kept at 25°C as well as at 33°C (see previous section). Adults used for high-temperature treatment were reared at 25°C under uncrowded conditions and exposed to 33°C for periods of either two or four days. Sixty males and 60 females (four days old) of each of the three karyotypes were individually tested in plastic vials (80´33 mm, containing 8 mL medium).
To test for restoration of fertility, adults that emerged after preadult treatment and adults exposed to hightemperature treatment were subsequently kept at 25°C for four, eight and 12 days. Then each of the¯ies (60 individuals per sex, karyotype and treatment) was combined with two 6-day-old untreated virgin¯ies (reared at 25°C) of the opposite sex and transferred to vials with fresh medium every four days while all vials were scored for progeny.
For the adults of the two-day treatment the number of matings in a 3-h testing period at 25°C was scored after a recovery period of 4 days. After the sexes had been separated the number of matings producing ospring was recorded. For¯ies without ospring within four days after mating, the mating test was repeated. Pure model ANOVAS ANOVAS, Tukey tests, contrast tests, chi-squared tests and correlation tests were performed by using Statistix 4.0 analytical software.
Results
Juvenile treatment at 33°C caused considerable reduction in survival, indicating that this temperature was highly stressful. Survival rates are presented in Table 1 . Larva± pupa survival rates were signi®cantly (P < 0.005) lower for the treatment started with 0±1 h larvae than for the treatments started with older larvae. Highest mortality and strongest karyotypic dierences were observed for pupa±adult survival. ST homokaryotypes showed lowest pupa±adult survival rates. When temperature stress started at early or late pupal stages, pupal mortality was signi®cantly lower for all karyotypes, compared to temperature treatments during the larval stages. Hightemperature treatment starting in dierent larval stages resulted in large deviations from the expected 1:1 sex ratio. The number of emerging females exceeded the number of males signi®cantly (P < 0.001) for all karyotypes. The overall observed fraction of males was 0.30, indicating that high-temperature treatment was less severe for female juveniles. Larvae exposed to 33°C for 65 h and larvae exposed up to late third larval stage showed high survival rates after transfer to 25°C and no signi®cant dierences among karyotypes were present (Table 1b) . Combining the data of the three karyotypes showed signi®cantly higher overall survival rates for the shorter period of larval treatment (P < 0.025).
After 2 days exposure of adults to 33°C, no mortality was observed. However, 4 days exposure to 33°C caused 5.6% mortality in females and 15% in males. Mortality in males was signi®cantly higher than in females (P < 0.005). In females no signi®cant mortality among karyotypes was present, whereas in males mortality of In(2L)t heterokaryotypes (no mortality) was signi®cant-ly lower (P < 0.01) than for In(2L)t homokaryotypes (11.7% mortality), and these two karyotypes possessed signi®cantly lower mortality rates (P < 0.001 and P < 0.005, respectively) than ST homokaryotypes (33.3% mortality). Also during recovery at 25°C of thē ies treated for 4 days, additional mortality occurred (2.8% and 5% of the initial number of females and males, respectively), with no signi®cant dierences among karyotypes.
Females and males which had been exposed to 33°C for 2 days, were tested for mating ability after a 4-day recovery period at 25°C. The results are presented in Table 2 . The mating percentage after 3 h was 81% for females and 90% for males, respectively, which lies within the range of untreated¯ies under similar test conditions. No signi®cant dierences among karyotypes within each of the sexes were observed; however, the combined data of the two sexes showed a signi®cantly (P < 0.01) higher mating rate of heterokaryotypes compared to In(2L)t homokaryotypes. The total number of matings was signi®cantly higher (P < 0.025) for treated males as compared to treated females. Four days after the ®rst mating test, a second mating test was performed with both mated¯ies without ospring from the ®rst test, as well as¯ies without mating during the ®rst test. Mating frequencies were high (>90%) and no signi®cant dierence between sexes and karyotypes was observed. Although mating rate was hardly in¯uenced after high-temperature treatment, the percentage of matings producing ospring was highly dierent among karyotypes ( Table 2 ). Fertility of ST homokaryotypes was signi®cantly lower (P < 0.001) than the In(2L)t homo-and heterokaryotypes for both sexes.
The applied high-temperature treatment of adults as well as treatment during the whole juvenile stage induced complete sterility. Subsequent transfer to 25°C, however, resulted in restored fertility in some of the individuals, depending on the length of the recovery period. Pure model ANOVAS ANOVAS were performed for the eects of the dierent treatments, recovery periods, sexes and karyotypes on the fraction of adults producing ospring after angular transformation of the data. Analysis of variance for treatment of adults showed signi®cant eects for treatment length (P < 0.001), recovery period (P < 0.001) and karyotype (P < 0.005), whereas sex dierences and interactions were not signi®cant. Analysis of variance for treatment during juvenile development of control and selection strains showed highly signi®cant eects for all main factors (P < 0.001), and a signi®cant interaction for treatment by sex by recovery period (P < 0.005). Dierences within each main factor (Tukey tests) are shown in Fig. 1(a) (adult treatment) and Fig. 1(b) (control and selection strains).
The increase in the fraction of adults producing ospring with increasing recovery period at 25°C showed that restoration occurs and that the recovery period is variable among individuals. Fertility was not restored in all individuals after 12 days recovery, indicating that the damage caused by temperature stress was too high for repair for those individuals. After 4 days treatment of adults, restoration of fertility was signi®-cantly lower than for the 2-day treatment, indicating greater damage after longer exposure. The signi®cantly higher fraction of adults producing ospring of the strain kept for 10 generations at 33°C, compared to the control strain, indicates selection for increased restoration of fertility after high-temperature stress. Eects of heat stress were signi®cantly lower for females than for males when treatment occurred during the juvenile stage, whereas no sex dierences for restored fertility were observed after treatment of adults. The ANOVAS ANOVAS further showed signi®cant dierences among karyotypes, with the lowest restored fertility for ST homokaryotypes and the highest values for heterokaryotypes.
All main factors were highly signi®cant for each recovery period. Mean values within each of the main factors with indication of signi®cant dierences are presented in Table 3 . A more detailed analysis of karyotypic dierences within each treatment, sex and recovery period is presented in Fig. 2 . Heterokaryotype advantage is more pronounced after juvenile treatments, with the strongest eect for one generation treatment of males (juveniles), where only heterokaryotypes showed restored fertility. The observed negative correlation between heterokaryotype superiority and mean overall values for restoration of fertility for treatment lengths as well as for control and selection strains, shows that heterokaryotype superiority is positively correlated with the severity of the treatment (Table 4) .
Discussion
Natural D. melanogaster populations experience daily and seasonal¯uctuations in environmental temperature with varying periods of high-temperature stress, when environmental temperatures exceed those necessary for normal developmental and physiological processes (Feder et al., 1996; Kamping & Van Delden, 1999) . Changes in environmental temperature generally occur gradually, which allows appropriate phenotypic responses. These physiological, behavioural and metabolic responses may diminish the eects of thermal stress, such as reduction in viability, reduced reproductive capacity and increased mortality.
Juvenile survival fraction after temperature stress depends on the life stage exposed (Table 1 ). Larva to pupa survival rates were relatively high. The pupal stage showed highest juvenile mortalities and strongest karyotypic eects when the preceding larval development occurred at 33°C. Besides a reduction in the fraction of emerging adults after exposure of juvenile stages at 33°C, a decrease of adult ®tness was observed at normal temperature. It is not possible to rear D. melanogaster throughout the whole life cycle at temperatures above 30°C. Though this temperature is not lethal, it induces sterility in all adults and juveniles. Various reasons for sterility induction after thermal stress are possible. Females may show defects during oogenesis and failure of eggs to mature in ovaries, whereas males have to deal with failure to produce mature sperm, developmental arrest after sperm entry into the egg, loss of mobility, and dysfunction during spermatogenesis.
In the present paper we have shown that fertility of both sexes is strongly diminished by high-temperature stress acting on adults as well as juveniles. Subsequent transfer to 25°C resulted in restored fertility in some of the individuals. In(2L)t homo-and heterokaryotype females and males have a greater restoration of fertility as well as a higher juvenile survival rate than ST homokaryotypes, perhaps suggesting pleiotropic eects of these ®tness components (r 0.91; P < 0.001). The observed karyotypic dierences will have considerable in¯uence on the genetic constitution of succeeding generations.
Ten generations selection at 33°C during juvenile stages resulted in a signi®cantly higher thermal resistance, both for juvenile survival as well as for restoration of fertility, indicating a rapid genetic change. Improvement of thermal resistance is observed for all karyotypes, with a relatively stronger eect for the ST karyotype. Heterokaryotypic advantage in this case is less pronounced in comparison to the one-generation juvenile treatment. Evidence for genetic eects of temperature stress has been obtained from laboratory experiments (Huey et al., 1991; Partridge et al., 1994; Loeschcke & Krebs, 1996) and from natural populations (Coyne et al., 1983; Krebs & Loeschcke, 1994; Loeschcke et al., 1997) where dierences in temperature resistance among geographically distinct populations are associated with their dierent environmental thermal conditions.
In addition to dierences in fertility restoration, reduction in egg-laying rate during and after thermal stress (Cohet & David, 1978) , a lower mating frequency of treated females as observed here, and a shorter life span (Economos & Lints, 1986) will also in¯uence reproductive capacity. Although eects of thermal stress on reproductive capacity are generally not permanent, its relative contribution to population ®tness and to ®tness dierences among karyotypes are possibly of greater importance for the maintenance and evolution of genetic variation than the permanent eects of high-temperature stress. Reduction in reproductive capacity, for example, has strong eects on eective population size.
The underlying genetic variation for heat tolerance may be related to metabolic rate (Homann & Parsons, 1989) and genotypes with a lower metabolic rate may exhibit a higher ®tness. The longer developmental time for In(2L)t karyotypes at various rearing temperatures (Van Delden & Kamping, 1989 Van ¢t Land, 1997) may be related to a lower metabolic rate because of pleiotropic eects of genes associated with In(2L)t, controlling developmental time and metabolic rate.
A common phenomenon after thermal stress is the induction of synthesis of several heat shock proteins (HSP), whereas most transcription and translation is suppressed (Morimoto et al., 1994) . It is assumed that Hsp genes will provide protection against the damaging eects of protein denaturation. However, prolonged or severe treatment will inhibit all metabolic activity and individuals will die. The functional signi®cance of Hsp genes is illustrated by a higher thermotolerance of individuals with higher heat shock protein levels after high-temperature stress (Feder et al., 1996 (Feder et al., , 1997 and by continued protein synthesis at high temperature by high HSP levels (Gehring & Wehner, 1995) . The induction of HSPs depends on temperature and life stage (Feder et al., 1997) and is dierent for the various Hsp genes (Gehring & Wehner, 1995) . Induction of the small HSPs is maximal at 33°C, whereas synthesis of the large HSPs is continued at higher temperatures.
Heat shock (short exposure to extremely high temperature) and prolonged treatment at moderately high temperature will induce dierent HSPs at dierent levels. Therefore induction of the small HSPs seems to be most important during the high-temperature treatments which we used. In contrast to the large HSPs, which are highly conserved (Nagao et al., 1990) , there is evidence for higher levels of variation for the small HSPs (Gehring & Wehner, 1995) . This means that the small HSPs may contribute to the genetic response for thermal resistance after selection for many generations at moderate high temperature (33°C).
The high pupa±adult mortality rates may be caused by toxicity and/or energetic costs of high HSP levels induced by the treatment of the preceding larval stages. Furthermore, through the functional relationships between Hsp genes and hormone receptors (e.g. Picard et al., 1988) , Hsp genes may indirectly in¯uence development and survival when juvenile stages are exposed to high temperature. The lower mating activity of treated females may be explained by lower hormone levels resulting from heat stress.
It seems unrealistic to assume that Hsp genes are directly responsible for the signi®cant dierences among In(2L)t and ST homo-and heterokaryotypes, because of their chromosomal independence. Hsp genes are located on the third chromosome (Lindsley & Zimm, 1992) , whereas the chromosome arrangements under investigation are located on the second chromosome. However, transcription of the Hsp genes is controlled by genes located on the second chromosome (Parker- Thornburg & Bonner, 1987; Clos et al., 1990; Otsuka et al., 1997) . Therefore we cannot exclude the possibility that Hsp modi®er genes are associated with the In(2L)t region.
The observed positive correlation between heterokaryotype superiority for restoration of fertility and severity of the treatment (Fig. 2 and Table 4 ) agrees with earlier observations (Van Delden & Kamping, 1991; Kamping & Van Delden, 1 unpubl. obs.) , that heterokaryotype advantage, as deduced from karyotype frequencies in laboratory populations, is positively correlated with rearing temperature. These ®ndings are concordant with the idea that the latitudinal distribution of In(2L)t frequencies is maintained by balancing selection, with equilibrium frequencies decreasing with latitude. Superiority of inversion heterokaryotypes in D. melanogaster has been observed for various ®tness components such as productivity, mating ability, sperm productivity (references in Lemeunier & Aulard, 1992) , and ®tness-related characters such as developmental rate and body weight (Van Delden & Kamping, 1989 . These traits are aected by environmental temperature and will be involved in the overall ®tnesses of karyotypes and consequently lead to an excess of heterokaryotypes under high-temperature conditions. The high thermal resistance of In(2L)t homo-and heterokaryotypes probably results from a particular allelic content of the inversion. This agrees with high In(2L)t frequencies observed in tropical regions (Anderson et al., 1987; Van ¢t Land, 1997) , In(2L)t frequencȳ uctuations in a tropical greenhouse population (Kamping & Van Delden, 1999) , and In(2L)t frequencies in laboratory populations kept at various temperatures (Van Delden & Kamping, 1991) .
Explanations concerning the latitudinal clines for inversions mostly assume a unique origin and genetic uniformity among inversion karyotypes with identical breakpoints all over the world. Preliminary results from comparisons of In(2L)t and ST strains by means of RFLP and DNA sequencing show indeed a much greater resemblance among In(2L)t strains compared to ST strains (Van Delden & Kamping, 1997) . Further research on the In(2L)t polymorphism will be focused on genetic variability among In(2L)t strains from dierent geographical areas and on the speci®c genes involved in heat resistance associated with the In(2L)t region. VAN 
